Copper (I) Chloride is a wide band gap semiconductor with great potential for silicon-based optoelectronics due to the fact that is closely lattice matched with silicon. This work examines the deposition of CuCl thin films by magnetron sputtering on silicon and glass substrates. Film structural and morphological properties are studied with X-ray diffraction and atomic force microscopy. Optical absorbance and luminescence spectra of CuCl thin films are analysed in order to study the excitonic features. The influence of deposition process parameters and post annealing on the film properties are also reported.
INTRODUCTION
Group III nitrides and their variants have been dominant for ultraviolet and blue optical devices and are generally grown on sapphire or silicon carbide substrates. A large lattice mismatch between the film and the substrate results in very high dislocation densities and reduces the emission lifetime and reliability of the device. Any potential device that makes use of silicon as a substrate can more readily be integrated into industrial processes and exploit current technology. Epitaxial growth of GaN layer on silicon substrates has been demonstrated by few research groups. [1] [2] [3] However, large mismatch of the lattice constant (~17%) and thermal expansion coefficient (~57%) between GaN and Si, and the difference in crystal structures (GaN: hexagonal, Si: cubic) cause dislocations at the interface, which ultimately reduce the device quality.
The present investigation reports the growth and analysis of cubic zinc blende -γ-Copper (I) Chloride (CuCl) which has a small lattice mismatch of less than 0.4% with Silicon. CuCl has been performing as a model material for many studies based on absorption and emission excitonic spectroscopy, as the exciton biding energy is very high (190 meV) 4 which makes it possible to realize high density exciton states in wide temperature ranges.
Epitaxial growth of CuCl thin films on various substrates such as GaP 5 , MgO 6-8 and CaF 2 8,9 by molecular epitaxy and thermal evaporation 10 has been reported. One research group has analysed the growth of CuCl on Si and GaAs focusing on the interface reactions. 11 We have also recently reported the growth of polycrystalline CuCl films on Si by vacuum evaporation. 12 Even though sputtering is one of the potential techniques of PVD, reports of sputter deposition of CuCl are hardly found in the literature. However a few other copper halides such as CuI and CuBr have been grown successfully by this technique. 13, 14 In this paper, we report on the growth of CuCl thin films by the sputtering technique, and the influence of deposition and post annealing parameters on the sputtered film properties.
EXPERIMENTAL ARRANGEMENT
CuCl thin films were deposited using RF Magnetron Sputtering on to the Si(111) and soda-lime glass substrates, ultrasonically cleaned with acetone, trichloroethylene, methanol and deionised water. The target was prepared from 97% CuCl powder using a hydraulic press with 200 kg/cm 2 pressure and 60 seconds hold on time, bonded to a copper backing plate. Prior to deposition, the target was presputtered for 10 minutes. The substrates were placed at three different positions: 3 cm, 6 cm and 9 cm from the target and the deposition was performed under constant conditions for 30 minutes. The other deposition conditions are tabulated below in Post annealing was carried out at various temperatures in a nitrogen atmosphere for 30 minutes to improve the crystalline quality of the as-deposited films. Crystallinity of the CuCl films on glass was examined by X-ray diffraction (XRD) analysis using Bruker D8 advance instrument with Cu k α radiation with the wavelength of 1.54
Ǻ
. The surface morphology analysis was done using a Pacific Nanotechnology Nano-R atomic force microscope. Microstructural and compositional studies were performed with LEO Stereoscan 440 scanning electron microscope and Princeton Gamma tech energy dispersive X-ray analyser with a Si(Li) detector. Film composition was analysed relative to the target with an optimized accelerating voltage of 14.47 keV and probe current of 3 nA. Optical absorbance and transmittance spectra were taken in the visible and ultra violet regions using Perkin Elmer Lambda 40 UV/Vis spectrometer. An Ar + laser of 244 nm wavelength was used to excite photoluminescence (PL) in CuCl films on silicon substrates at a range of temperatures and the emission spectra were collected by a liquid nitrogen cooled CCD camera. Table 2 shows the dependence of film composition on the target to substrate distance (d ts ) for the films deposited on Silicon substrates. The basic composition of the target was almost stoichiometric for the optimized accelerating voltage of 14.47 kV. The precision of the Si (Li) detector was ±2% relative.
RESULTS AND DISCUSSION

Sample
Cu (atomic %) Cl (atomic %) The composition of the samples deposited with d ts of 6 cm and 9 cm were almost close to that of the target (with in the error limit), whereas a large deviation was observed for the film with d ts of 3 cm. This deviation may be due to the higher energy of the depositing atoms for the substrate close to the target. The energy of sputtered particles obeys the Thompson distribution and is affected by the binding energy of the atoms in the target. 15 A value of 5 eV was used as the most likely energy of the sputtered atoms for both Cu and Cl. As the sputtered atoms leave the target they undergo collisions with the background Ar gas, lose their energy and become thermalised. This is briefly explained by a simple model of thermalization proposed by Westwood 16 . The sputtered atoms are thermalised after undergoing a number of collisions with the background gas. The number of collisions, n, is given by the equation
Where E in is the energy of the sputtered atom as it leaves the target, E g is the energy of the thermalised atom and E E / ' is the fractional energy loss of the sputtered atom if it is E and ' E before and after collision. Using these equations, the average number of collisions undergone by Cu and Cl atoms before thermalisation is 6 and 5 respectively. The perpendicular distance from the target they will travel before thermalisation can be estimated by
Where 〉 〈 θ cos is the average scattering angle per collision and λ is the mean free path, which is 3.3 cm in this case.
This gives a thermalisation distance of around 20 cm for Cu and 17 cm for Cl. It is clear that at the surface of the substrates placed within these distances, the Cu atoms will have on average a higher energy than the Cl atoms.
When the substrate is kept within the thermalization distance as well as within the mean free path, the sputtered neutrals reach the substrate with high energy (almost with their initial energy) with very few collisions. In addition, the surface atoms may also experience some collisions and energy transfer from the high energy reflected neutral Ar atoms from the target. The higher energies make them more mobile and it is more likely that free atoms will be desorbed. In the surface migration of Cu and Cl atoms present on the growing surface, the bonding of copper to two chlorine atoms as CuCl 2 is more favourable compared to the formation of CuCl according to the bond enthalpies. (∆H(CuCl 2 ) = -186 kJmol -1 , ∆ H(CuCl) = -117 kJmol -1 ). 17 If the fluxes of Cu and Cl atoms from the target are equal, it is likely that any Cl atoms on the surface will bond with Cu whereas some Cu atoms may remain unbonded. These unbonded Cu atoms will more easily desorb from the substrate. This may explain the Cu deficiency in the film deposited with d ts of 3 cm. The presence of the CuCl 2 phase is indicated from the absorbance spectra (figure 2).
Figure 1: XRD spectra of CuCl films sputtered at different d ts
The growth of evaporated CuCl film on an amorphous glass substrate is strongly oriented with its preferred direction of <111> perpendicular to the substrate. 12 X-ray diffraction spectra of CuCl films on glass deposited with various target to substrate distances are shown in figure 1, measured using θ−2θ geometry. Sputtered CuCl films also show a strong (111) diffraction peak at 2θ~28.5, with smaller reflections due to the other planes. From the diffraction patterns it is clearly seen that the intensity of the (111) peaks increases as d ts decreases. This decrease in intensity is not due to film thickness variations, which were around 20%.
Intensity CPS)
Another noticeable feature is the appearance of (200) peak at 2θ~33 in the CuCl film sputtered at 3 cm from the target. This is normally not observed in the CuCl films evaporated on glass. 12 Disorder produced by the deficiency of copper and the presence of CuCl 2 species, as indicated by the EDX and spectroscopic analysis respectively could be the reasons for the appearance of (200) peak in this sample.
Room temperature absorbance spectra of the samples with d ts 6 cm and 9 cm have two peaks at 372 nm and 382 nm which are Z 12 and Z 3 excitons respectively, which are followed by a flat absorption. (Figure 2 ) Z 12 is the bound exciton made up of a Γ 8 hole and a Γ 6 conduction electron, and Z 3 is the free exciton which has a hole from Γ 7 state and an electron from Γ 6 state. 18 These exciton peak positions are in a very good agreement with the previous reports. 19, 20 The sample deposited at 3 cm target to substrate distance does not reveal any excitonic feature but shows strong absorbance below 400 nm. This is the characteristic absorbance region (280 to 360 nm) for CuCl 2 21 and a good indication of the presence of the CuCl 2 phase in this sample. Moreover the film has only about 50% transmittance in the visible region where as the films with d ts 6 cm and 9 cm show around 95% transmittance (transmittance spectra are not given here). This may be due to the presence of free copper in the film.
The PL spectrum of CuCl is dominated by free exciton-Z 3 emission at 383 nm. 4 Figure 3 shows the PL spectrum of CuCl on Si deposited with d ts of 6 cm taken at 10 K. This emission is also observed in the room temperature measurements as the binding energy of the Z 3 exciton is very large. Since there is self absorption, the Z 3 emission peak is shifted to lower energy side comparing to the exciton absorption peak. The presence of the Z 12 exciton is not observed in the emission spectra because it does not decay radiatively.
The samples deposited with d ts of 6 cm (i.e. those which showed the largest excitonic absorption) were post annealed in the range of 50 to 150 0 C in nitrogen atmosphere for 30 minutes to improve the crystalline quality. Figure 4 (a) shows the change in intensity of (111) peak in the XRD spectra and the Z 3 exciton peak in the absorbance spectra for the change in annealing temperatures. A very similar trend is observed in both the cases, with a gradual increase in the peak intensity up to 75 0 C and then decrease for further increase in the temperature. The reason for decrease in peak intensities beyond 75 0 C is not clear.
The correlation between intensities of XRD-(111) peak and Z 3 exciton peak is also plotted and depicted in figure 4 (b) The observed linear relationship between the crystallinity and the optoelectronic characteristic shows that the excitonic absorption is closely related to the degree of disorder of the crystal. This is not unexpected since any grain boundary disorder is likely to produce alternative paths for generation and recombination. The orientation of CuCl crystallites on glass is also evident in the AFM topographs from the appearance of triangular crystallites of (111) faceting. These facets are similar to those reported by A.Yanase and Y.Segawa.
7 Figure 5 shows the AFM topographs of the as-deposited and annealed CuCl films. The average crystallite size of the as-deposited sample increases from 15 to 30 nm due to post-annealing at 75 0 C for 30 minutes.
CONCLUSIONS
CuCl thin films were successfully grown by the RF magnetron sputtering technique. The effects of deposition and post annealing parameters on the film properties such as composition, micro structure, UV-Vis and photoluminescence spectra were investigated. It was found that, approximately stoichiometric CuCl thin films could be deposited with a strongly oriented (111) texture perpendicular to the substrate if the substrates were far enough away from the target such that the sputtered particles had lost some of their initial energy before depositing. There was strong UV absorption at room temperature from the Z 12 and Z 3 excitons and intense emission from Z 3 excitons in the PL spectra at room temperature and low temperatures. The crystalline quality was increased by post annealing at 75 0 C in nitrogen atmosphere. There was a strong correlation observed between the crystalline quality as determined by the intensity of (111) peak and the intensity of the Z 12 exciton peak in the absorbance spectra. 
